Chondroitin sulfate proteoglycans (CS-PGs) expressed by reactive astrocytes may contribute to the axon growth-inhibitory environment of the injured CNS. The specific potentially inhibitory CS-PGs present in areas of reactive gliosis, however, have yet to be thoroughly examined. In this study, we used immunohistochemistry, combined immunohistochemistry-in situ hybridization, immunoblot analysis, and reverse transcription-PCR to examine the expression of specific CS-PGs by reactive astrocytes in an in vivo model of reactive gliosis: that is, the glial scar, after cortical injury. Neurocan and phosphacan can be localized to reactive astrocytes 30 d after CNS injury, whereas brevican and versican are not expressed in the chronic glial scar. Neurocan is also expressed by astrocytes in primary cell culture. Relative to the amount present in cultured astrocytes or uninjured cortex, neurocan expression increases significantly in the glial scar resulting from cortical injury, including the reexpression of the neonatal isoform of neurocan. In contrast, phosphacan protein levels are decreased in the glial scar compared with the uninjured brain. Because these CS-PGs are capable of inhibiting neurite outgrowth in vitro, our data suggest that phosphacan and neurocan in areas of reactive gliosis may contribute to axonal regenerative failure after CNS injury.
The astrocytic response to C NS injury results in the formation of an "astroglial scar", which serves as a barrier to regenerating axons (Davies et al., 1999) . However, C NS axons fail to regenerate past a lesion site, even in the absence of a recognizable glial scar (Davies et al., 1996) , suggesting that reactive astrocytes establish a local biochemical rather than a purely physical barrier that inhibits significant axonal regeneration.
Chondroitin sulfate proteoglycans (C S-PGs) are present in areas of reactive gliosis after C NS injury to adult animals (McKeon et al., 1991; Bovolenta et al., 1993; Levine, 1994) . Injury-induced C S-PGs inhibit neurite outgrowth in vitro, potentially by altering the properties of extracellular matrix (ECM) growth-promoting molecules Levine, 1994, 1995; McKeon et al., 1995; Bovolenta et al., 1997) . Thus, it is likely that CS-PGs have a profound effect on the ability of axons to regenerate in vivo through areas of reactive gliosis (Davies et al., 1997 (Davies et al., , 1999 .
There is considerable heterogeneity of proteoglycan expression within the C NS (Herndon and Lander, 1990 ). The C NS-specific CS-PG core proteins brevican and phosphacan (Maeda et al., 1995) are expressed primarily by astrocytes (Meyer-Puttlitz et al., 1996; Yamada et al., 1997) . The NG2 CS-PG is associated with O2A glial progenitor cells (Stallcup and Beasly, 1987) and may be required for oligodendrocyte differentiation (Nishiyama et al., 1996) . Neurocan is another CS-PG distributed throughout the developing CNS (Meyer-Puttlitz et al., 1996) . Although initially localized to neurons (Engel et al., 1996) , neurocan is also expressed by cultured astrocytes (Oohira et al., 1994; Ascher et al., 1998) .
NG2 mRNA and protein and phosphacan mRNA levels increase after CNS injury (Levine, 1994; Snyder et al., 1996) , although the cell type responsible for the expression of these CS-PGs has not been determined. Because NG2 and phosphacan bind to cell and substrate adhesion molecules expressed in areas of reactive gliosis (Dou and Levine, 1994; Milev et al., 1994) , these CS-PGs may inhibit axonal regeneration by binding to and restricting the availability of growth-promoting molecules. Although neurocan is also capable of inhibiting neurite outgrowth in vitro , the role of this CS-PG during axonal regenerative failure is not clear because changes in its expression after chronic brain injury have not been reported.
We have assessed the expression of specific CS-PGs in an in vivo model of chronic glial scarring induced by implanting a piece of nitrocellulose into the cerebral cortex of adult rats. Astrocytes infiltrate this implant and remain highly reactive, demonstrated by the continued expression of glial fibrillary acidic protein (GFAP) (McKeon et al., 1991) . Thirty days after implantation, in situ hybridization (ISH) and immunohistochemistry (IHC) were used to localize specific CS-PG expression to reactive astrocytes in vivo. CS-PG mRNA or protein expression was also assessed in isolated glial scars by removing the implant from the cortex for reverse transcriptase (RT)-PCR or immunoblot analysis. CS-PG gene expression was compared between the isolated glial scar, uninjured age-matched adult brain, and cultured astrocytes. Our results demonstrate that the expression of specific C S-PGs persists after cortical injury and that neurocan, particularly the neonatal isoform, is upregulated by reactive astrocytes.
MATERIALS AND METHODS
Filter implantation. Nitrocellulose filters (Millipore, Bedford, M A) were implanted into the cerebral cortex of 30-d-old Sprague Dawley rats according to the method of Rudge et al. (1989) . Briefly, animals were anesthetized with rompun and ketamine (0.12 cc /100 gm, i.p.), a midline incision was made through the scalp, and the skin was retracted laterally. The periosteum was cleaned from the skull, and a rectangular window was drilled over each cerebral hemisphere, exposing the dura. An incision was then made in the cortex using a #11 scalpel blade, and a 3 ϫ 3 mm nitrocellulose filter (Millipore) was inserted. The craniotomy windows were covered with Gelfoam, and the skin was sutured closed. Animal care was in accordance with guidelines established by the Institutional Animal C are and Use Committee at Emory University.
Cell culture. Purified populations of neonatal cortical astrocytes were prepared according to standard methods (McC arthy and de Vellis, 1980) . Newborn rat cerebral cortices were isolated free of adherent meninges, and the tissue was minced and incubated in HBSS containing 0.1% trypsin for 15 min at 37°C. The tissue was dissociated into a single cell suspension by trituration through a fire-polished Pasteur pipette in the presence of 0.02% DNase. The cells were then pelleted by centrif ugation, resuspended in DM EM-F-12 supplemented with 10% fetal calf serum, 2 mM glutamine, and 100 I U/ml penicillin -streptomycin, and seeded onto poly-L-lysine-coated tissue culture flasks. C ells were allowed to attach overnight and then were vigorously shaken to remove all loosely adherent cells: predominantly neurons, microglia, and oligodendrocytes. The remaining cells were allowed to grow to near confluence in DM EM-F-12 supplemented with 10% FC S and 2 mM glutamine and were maintained at 37°C in 5% C O 2 . When nearly confluent, the cultures were passaged by incubating the cells in 0.1% trypsin and 0.02% EDTA for 10 min. Once the cells had lifted off the tissue culture dish, they were pelleted by centrif ugation and resuspended in serum-containing media. The cultures were vigorously shaken the next day to remove loosely adherent cells, and the media was replaced. After passing each culture twice in this manner, immunocytochemical staining of representative cultures demonstrated that Ͼ95% of the cells in these cultures were GFAP-immunopositive astrocytes, Ͻ5% were OX-42-immunopositive microglia, Ͻ1% were galactosyl cerebroside-immunopositive oligodendrocytes, and no neurons were detected using a neuron-specific T uJ1 antibody [generously provided by A. Frankf urter (University of Virginia, Charlottesville, VA)]. After a total of 1 month in vitro, all cultures were prepared for RNA isolation.
R NA isolation. Total RNA was obtained from cultures of confluent astrocytes, from uninjured adult rat cerebral cortex, and from reactive astrocytes intimately associated with implanted nitrocellulose filters. To retrieve the implanted filter, animals were overdosed with chloral hydrate, the skull was removed, and the implant was located within the gray matter of the cerebral cortex. The implant was gently lifted from the brain, placed in C a ϩ2 -and Mg ϩ2 -free HBSS (Life Technologies, Gaithersburg, MD), and cleaned of any adherent or excess tissue to reduce the possibility of neuronal contamination. The implant was then placed into lysis buffer for RNA isolation. Tissue from the cerebral cortex of uninjured, age-matched control animals was harvested and placed directly into ice-cold RNA lysis buffer. Cultured astrocytes were lysed directly on the culture dish.
RNA was prepared as described by Chomczynski and Sacchi (1987) .
Samples were lysed in 4 M guanidinium thiocyanate, followed by mixing with 2 M sodium acetate, pH 4, phenol, and chloroform /isoamyl alcohol (24:1 v/ v). After two rounds of isopropanol precipitation, RNA was digested with RNase-free DNase I (Promega, Madison, W I) to eliminate DNA contamination. Purified RNA concentrations were determined with a spectrophotometer, and the integrity of the RNA was verified by denaturing agarose gel electrophoresis.
RT-PCR .
One microgram of DNA-free RNA was subject to cDNA synthesis with random hexamer primers and SuperScript II reverse transcriptase (Life Technologies) for 1 hr at 42°C. Reverse transcriptase was inactivated, and RNA was degraded by boiling the reaction for 10 min (Freeman et al., 1994) . One-tenth to one-hundredth of this reaction was directly added to the PCR reaction containing 50 mM NaC l, 10 mM Tris-HC l, pH 9.0, 1.5 mM MgC l 2 , 0.1% Triton X-100, 0.2 mM dN TPs, 1 M gene-specific primers, and 2 U of Taq DNA polymerase (Promega). The primers used for the RT-PCR studies are indicated in Table 1 . These primer sets specifically recognize only the genes of interest as indicated by amplification of a single band of the expected size and direct sequence analysis of the PCR product. In addition, comparison of the sequence of each primer and the resulting PCR product with the GenBank DNA sequence database using the basic local alignment search tool (BL AST) (Altschul et al., 1997) demonstrated that these sequences are unique to the gene of interest. T ypical PCR reaction conditions were 20 -35 cycles of the following: 95°C for 30 sec, 60°C for 30 sec, and 72°C for 120 sec, followed by a 5 min extension at 72°C. Reactions were analyzed by electrophoresis in ethidium bromide containing agarose gels. Amplification of glyceraldehyde phosphate dehydrogenase (GAPDH), a relatively invariant internal reference RNA was performed in parallel, and cDNA amounts were standardized to equivalent GAPDH mRNA levels. Additional control experiments were performed to ensure that PCR reactions were sampled before the plateau phase of the amplification process. Varying quantities of starting RNA were subjected to RT-PCR to ensure that the amount of product was proportional to the amount of input RNA. PCR product specificity was confirmed by direct sequence analysis (Thermosequenase cycle sequencing kit; Amersham, Arlington Heights, IL). mRNA levels were f urther assessed by competitive RT-PCR using an internal competing template in the PCR reaction as described by Jin et al. (1994) .
ISH. RT-PCR products were subcloned into pGEM-T (Promega) to enable synthesis of specific single-stranded digoxigenin (dig)-labeled RNA probes using dig-UTP RNA labeling mix (Boehringer Mannheim, Indianapolis, I N) and either T7 or SP6 RNA polymerase as described by the supplier. The in situ hybridization protocol was modified from Schaeren-Wiemers and Gerfin-Moser (1993) and Ma et al. (1997) . Frozen sections (10 m) were obtained from brains harvested from either normal or filter-implanted animals perfused with 4% paraformaldehyde 30 d after implantation. Sections were thawed onto 3-aminopropyltriethoxy-silanecoated slides. Sections were permeabilized with proteinase K (1 g /ml) in 0.1 M Tris-HC l and 50 mM EDTA, pH 8, for 30 min at 37°C, rinsed in 0.1 M triethanolamine-HC l, and acetylated in acetic anhydride (0.25% v/ v) and triethanolamine buffer for 10 min, followed by a brief wash in 2ϫ SSC (0.3 M NaC l and 30 mM sodium citrate, pH 7.0). Tissue sections were prehybridized for 4 hr at 48°C in hybridization buffer (50% formamide, 5ϫ SSC, 5 mM EDTA, 1ϫ Denhardt's solution, 0.3 mg /ml yeast tRNA, 100 g /ml heparin, and 0.1% T ween 20) and hybridized overnight at 48°C in the same buffer with dig-labeled probe (1 g /ml). The sections were washed at 48°C in 1ϫ SSC for 10 min, 1.5ϫ SSC for 10 min, at 37°C for in 2ϫ SSC for 30 min, and digested with 0.1 g /ml RNase in 2ϫ SSC at 37°C for 30 min. Sections were rinsed in 2ϫ SSC for 10 min, followed by a wash in 0.2ϫ SSC at 48°C for 1 hr. After equilibration in maleic acid buffer (0.1 M maleic acid and 0.15 M NaC l, pH 7.5 for 5 min), sections Maurel et al. (1994) were blocked for 1 hr at 22°C and incubated for 1 hr with alkaline phosphatase-conjugated anti-digoxigenin Fab fragments (1:5000) in blocking buffer. For immunohistochemical localization of GFAP on the same sections, the anti-GFAP antibody (1:500; Accurate Chemicals, Westbury, N Y) was added to the anti-digoxigenin solution, and the slides were incubated at 37°C for 1 hr. In situ hybridization (and combined ISH-IHC) slides were subsequently washed for 1 hr in maleic acid buffer and developed 3 hr to overnight in color development buffer (0.1 M Tris, pH 9.5, 0.1 M NaC l, 50 mM MgC l 2 , 0.1% T ween 20, 10% poly vinyl alcohol, 0.315 mg /ml nitroblue tetrozolium, and 0.175 mg /ml bromochloro-indoyl-phosphate), according to the manufactuer's protocol (Boehringer Mannheim). The color development reaction was terminated in neutralizing buffer; the slides were dehydrated through an ethanol series and coverslipped. For double ISH-IHC, before dehydration the slides were equilibrated in PBS, pH 7.3, for 20 min and incubated in biotinylated secondary antibody, followed by avidin-Texas Red (as described below). Specificity of the ISH signal was demonstrated by the following: RNase treatment of control sections before hybridization, omission of the cRNA probe, hybridization with an excess of unlabeled antisense probe, and hybridization with corresponding sense strand probe. Each of these controls eliminated the specific signal. Images were photographed on a Leitz (Wetzlar, Germany) Orthoplan 2 microscrope, digitized on a flatbed scanner, and imported into Adobe Photoshop (Adobe Systems, Mountain View, CA) for figure preparation.
IHC. Tissue sections were prepared as above, except brains were post-fixed for 4 hr in paraformaldehyde and cryoprotected with 30% sucrose. For neurocan IHC, animals were perf used and post-fixed with 4% paraformaldehyde containing 15% picric acid, which improved signal intensity. T welve micrometer sections were collected and, for C S-PG IHC, were treated with 0.1 U/ml chondroitinase ABC (Seikagaku Kogyo Co., Tokyo, Japan) in 0.1 M Tris-HC l and 30 mM sodium acetate, pH 8.0 (at 37°C) for 1 hr. Sections were immunostained with the rabbit polyclonal antibody against GFAP (1:500; Accurate Chemicals) to identif y reactive astrocytes. Antibodies to brevican (RB18, provided by Dr. Yu Yamaguchi), phosphacan [RP TP1, provided by Dr. Yu Yamaguchi (The Burnham Institute, La Jolla, CA); or 3F8 obtained from the Developmental Studies Hybridoma Bank, University of Iowa, Iowa C ity, IA], neurocan (1F6, obtained from the Developmental Studies Hybridoma Bank), or versican [provided by Dr. Richard LeBaron (University of Texas, San Antonio, TX)] were used to identif y these specific C S-PGs. Sections were incubated in primary antibody in TBS, pH 7.5, with 0.2% Triton X-100 and 1.0% BSA overnight at 4°C, washed three times in TBS, and for single labeling, incubated in the appropriate biotin-conjugated secondary antibody in TBS with 3% normal goat serum for 1 hr at room temperature, followed by incubation in avidin -Texas Red. The sections were washed three times in TBS, coverslipped in Vectashield (Vector Laboratories, Burlingame, CA), and viewed with a Leitz Orthoplan 2 microscrope equipped with fluorescent optics and a narrow bandpass Texas Red filter cube. For double labeling, rhodamine-conjugated goat anti-rabbit and fluorescein-conjugated goat-anti mouse secondary antibodies were used. Negative controls included omitting the primary antibodies or, for double labeling, using the inappropriate secondary antibody, and were routinely negative. Images were acquired on a Z eiss (Oberkochen, Germany) laser scanning confocal microscope, model 510. Sequential scanning was used to excite and record the two fluorochromes independently. Images were imported into Adobe Photoshop for figure preparation.
Immunoblot anal ysis. Fourteen days after implantation, 10 filters were collected from adult animals, rinsed free of adherent tissue, homogenized with a dounce homogenizer in 100 l of buffer H (210 mM mannitol, 70 mM sucrose, 5 mM H EPES, 5 mM K-EGTA, and 0.1% Triton X-100, pH 7.2) containing 5 g /ml aprotinin, 0.5 g /ml antipain, 0.1 g /ml pepstatin A, and 0.2 mM phenylmethylsulfonyl flouride, sonicated for 10 sec and clarified by centrif ugation at 7000 ϫ g for 60 sec. Protein concentration was determined with the bicinchoninic acid assay (Pierce, Rockford, IL), and gel aliquots were digested with chondroitinase ABC (0.1 U/ml in 100 mM Tris and 10 mM sodium acetate, pH 8.0, at 37°C for 3 hr) before electrophoresis in a 4 -15% gradient precast SDS-PAGE gel. Gels were electroblotted onto poly vinylidene difluoride membrane (Pierce), blocked overnight in 8% dried milk in Tris-buffered saline, and probed with an antibody to neurocan (1F6, 1:1000) or phosphacan (3F8, 1:1000) in 5% bovine serum albumin at 4°C overnight. Equal protein loading was confirmed by quantification of total p42/44 mitogen-activated protein kinase (M APK) on the same membrane as described by the supplier of the anti-M APK antibody (1:1000; New England Biolabs, Beverly, MA). After washing and peroxidase-conjugated secondary antibody incubation, positive signal was visualized using chemiluminescense (Amersham) according to manufacturer's protocol. Protein prepared in an identical manner from cerebral cortex and skeletal muscle of uninjured age-matched control animals served as positive and negative controls, respectively. Phosphacan protein levels were determined by comparing the density of the phosphacan signal (in arbitrary densitometric units) with the signal for the relatively invariant protein p42/44 M APK , using the IS-1000 image analysis system with IA-200 software (Alpha Innotech Corp.). The phosphacan/MAPK ratio was compared between uninjured cerebral cortex and glial scar filter implants on four separate immunoblots. For neurocan, the 130 kDa fragment was expressed at similar levels in uninjured cerebral cortex and glial scar filter implants, and this fragment was used as a standard to determine the level of 245 kDa neurocan in these tissues.
RESULTS
Chondroitin sulfate proteoglycan expression in areas of reactive gliosis after traumatic injury has generally been detected using antibodies to epitopes common to many CS-PGs before or after chondroitinase digestion, such as CS-56 or 3B3. In this study, we sought to identify whether mRNA and protein corresponding to specific CS-PG core proteins were differentially expressed after CNS injury in a well characterized model of glial scarring.
The CNS-specific CS-PG phosphacan is produced by alternative splicing of the gene that also encodes two isoforms of the receptor protein tyrosine phosphatase ␤ (RPTP-␤) (Maurel et al., 1994) . As a secreted CS-PG, phosphacan lacks the transmembrane and cytoplasmic domains of the RPTP-␤ isoforms. One of the phosphacan antibodies used in this study (RPTP1) also recognizes both forms of RPTP-␤, whereas the 3F8 phosphacan antibody specifically recognizes only phosphacan and the fulllength RPTP-␤ isoform (Fig. 1) . To distinguish between phosphacan and the long form of RPTP-␤, we designed RT-PCR primers and an in situ hybridization probe for phosphacan that detect only the mRNA encoding secreted phosphacan (Fig. 1) . Different antibodies have been used to identify several forms of neurocan in the CNS (Meyer-Puttlitz et al., 1995) . These include the 1F6 antibody, also used in this study, that recognizes a full-length 245 kDa form of neurocan that predominates in neonatal brain and a 130 kDa N-terminal proteolytic fragment that persists in the adult brain. The mRNA probe used in this study specifically recognizes the single transcript that encodes the fulllength and proteolytic fragments of neurocan (Fig. 1) .
Increased GFAP immunoreactivity has been extensively used as a diagnostic feature of CNS reactive gliosis. Similarly, we used GFAP immunohistochemical staining to reveal the distribution of reactive astrocytes and for comparison with CS-PG-labeled cellular elements. As expected, GFAP immunoreactivity was significantly and chronically upregulated in astrocytic processes that grew within the filter implant 30 d after implantation (Figs. 2C,  3C , D, 4A).
Phosphacan is expressed by reactive astrocytes after CNS injury
In situ hybridization with riboprobes specific to phosphacan demonstrated the expression of this CS-PG on cellular processes that extended into the implanted filter 30 d after injury (Fig. 2 A) , consistent with previous reports of phosphacan mRNA expression after CNS injury (Snyder et al., 1996) . Combined phosphacan in situ hybridization and GFAP immunohistochemistry demonstrates a consistent overlap of phosphacan mRNA with GFAP-immunopositive reactive astrocytes (Fig. 2 A, insets) , indicating that reactive astrocytes are a source of phosphacan in gliotic tissue. To f urther examine phosphacan expression by reactive astrocytes at the protein level, immunohistochemical staining was performed with two different phosphacan antibodies and with an anti-GFAP antiserum. Staining with the RPTP1 antiserum, which recognizes both phosphacan and RPTP-␤, revealed heavily labeled processes projecting into the implant (Fig.  2 B) , similar to the pattern of phosphacan mRNA expression revealed by in situ hybridization. Higher magnification of sections double labeled with a monoclonal antibody (mAb) specific for phosphacan (3F8) and with anti-GFAP antiserum revealed a consistent overlap of each label on cells and processes around or projecting into the filter implant (Fig. 2C) . These data provide evidence that phosphacan can be expressed by and is associated with reactive astrocytes after C NS injury and thereby contributes to the glial scar. Although the probe used for in situ hybridization is specific to phosphacan, the immunocytochemical data also support the possibility that reactive astrocytes express RPTP-␤ after chronic injury.
Neurocan is expressed by reactive astrocytes in vivo and by primary cultured astrocytes
Although neurocan was originally described to be primarily of neuronal origin (Engel et al., 1996) , other studies have demonstrated that this CS-PG can be expressed by astrocytes, at least in vitro (Oohira et al., 1994; Ascher et al., 1998) . To confirm that reactive astrocytes can synthesize neurocan, we performed in situ hybridization for neurocan combined with GFAP immunohistochemistry on the same sections containing the glial scar filter implant. An antisense probe corresponding to a region near the N terminus of mature secreted neurocan revealed strong hybridization to cellular processes, which projected into the filter implants (Fig. 3 A, B) . Immunohistochemistry with an anti-GFAP antiserum verifies that these are processes of reactive astrocytes. Moreover, the distribution of neurocan mRNA expression in cells surrounding the nitrocellulose filter implant overlapped with the distribution of GFAP-immunopositive cells and processes around and in the implant (Fig. 3C,D) . We also used a monoclonal antibody (1F6) to neurocan to demonstrate that neurocan mRNA is translated into protein in cells that comprise the chronic glial scar (Fig. 3E) . Thus, although the name implies that neurocan is expressed specifically by neurons (Engel et al., 1996) , the distribution of neurocan expression we observed was strikingly similar to GFAP immunolabeling on the same section. This colocalization of neurocan mRNA and GFAP protein, along with the localization of neurocan protein on cellular processes within the implant, strongly suggests that reactive astrocytes of the glial scar secrete neurocan after chronic cortical injury. This conclusion is supported by RT-PCR and immunoblot analysis (Figs. 5, 6) demonstrating expression and synthesis of neurocan mRNA and protein by reactive astrocytes in vivo and by primary cultured astrocytes.
The CNS proteoglycans brevican and versican do not localize to the glial scar
To further explore CS-PG expression by reactive astrocytes, immunohistochemistry for two additional specific CS-PGs expressed in the CNS, brevican and versican, together with GFAP, was undertaken. Analysis of adjacent sections of injured cortex demonstrated a consistent expression of GFAP (Fig. 4 A) but failed to reveal either brevican (Fig. 4 B) and versican (Fig. 4C) staining, suggesting that, 30 d after implant, these proteoglycans were not expressed by reactive astrocytes. Consistent with our immunohistochemical data, in situ hybridization for brevican did not reveal detectable message levels for this CS-PG in glial scar tissue at this time point (data not shown). These results indicate that these proteoglycans are unlikely to contribute to the chronic glial scar. Moreover, reactive astrocytes apparently continue to selectively express some, but not other, CNS CS-PGs in the chronic glial scar (30 d after injury).
CS-PG gene expression levels in the in vivo glial scar
To further address the cell type specificity and to examine the relative levels of CS-PG gene expression in the glial scar, we used semiquantitative and quantitative RT-PCR. Approximately equivalent amounts of cDNA prepared from RNA from gliotic tissue formed in vivo, from intact age-matched cortex, and from primary cortical astrocyte cultures were determined by comparing the level of expression of the relatively invariant housekeeping gene GAPDH (Fig. 5) . Amplification from standardized amounts of these cDNAs demonstrated a dramatic increase in GFAP mRNA levels in gliotic tissue formed in vivo compared with the uninjured rat cortex. Notably, the level of GFAP mRNA in the glial scar was also strongly elevated compared with primary astrocyte cultures, a frequently used in vitro model of glial scarring (Fig. 5 ). The steady-state level of neurocan mRNA was also The RP TP1 antibody recognizes a site including the fibronectin type III repeat ( F) that is common to the RPTP␤ short form (top), RP TP␤ long form (middle), and secreted phosphacan (bottom). The 3F8 antibody recognizes a portion of the extracellular domain present in the RP TP␤ long form and in secreted phosphacan but not in the RP TP␤ short form. CA, C arbonic anhydrase domain; PTP, protein tyrosine phosphatase domains 1 and 2; T, transmembrane domain. Filled circles indicate consensus glycosaminoglycan attachment sites. The unique 3Ј untranslated region (3ЈUTR) of the splice variant encoding phosphacan (phosphacan mRNA, jag ged line) was selected for generating specific RT-PCR primers and riboprobes. B, The 1F6 antibody recognizes an N-terminal epitope of neurocan. This epitope is contained in both the f ull-length 245 kDa neurocan protein (neonatal form) and in a 130 kDa proteolytic fragment that persists in adult animals. A unique 5Ј region of the neurocan mRNA ( jag ged line) was used to generate specific RT-PCR primers and riboprobes. See Table 1 for specific sequences. elevated in both the filter implant and primary astrocyte cultures compared with the uninjured cortex (Fig. 5) . In comparison, phosphacan mRNA was only slightly elevated in gliotic tissue collected from the implanted filter compared with the uninjured cortex and was barely detectable in cultured astrocytes (Fig. 5) . Amplification of mRNA encoding the medium neurofilament subunit demonstrated expression of this neuron-specific gene in uninjured cortex but not in the filter implant or in primary astrocyte cultures. Immunohistochemical staining of sections containing a filter implant with an antibody to neuron-specific ␤-III tubulin (T uJ1) also demonstrated the absence of neuronal elements in this gliotic tissue in vivo (data not shown) (McKeon et al., 1997) . Thus, neurons do not appear to contribute to the cellular infiltration of the filter implant and are unlikely to be the source of neurocan mRNA. Moreover, steady-state levels of the mRNA encoding the C S-PG neurocan are specifically elevated in glial scar tissue formed in vivo and in relatively pure cultures of cortical astrocytes, indicating that a specific response to injury by reactive astrocytes may be increased expression of this C S-PG.
The RT-PCR analysis was extended to obtain quantitative information about mRNA levels of specific C S-PGs expressed by cultured astrocytes, by reactive astrocytes associated with the filter implants after cortical injury, and by the uninjured cortex using competitive PCR as described by Jin et al. (1994) . Consistent with the highly reactive nature of the tissue associated with the filter implants, GFAP mRNA is strongly elevated in the glial scar compared with uninjured rat cortex. GFAP mRNA levels in cultured astrocytes were similar to uninjured cortex. Phosphacan mRNA levels are relatively low in all three cDNA pools, with slightly higher levels in the glial scar than in uninjured cortex. In contrast, in glial scar tissue and in cultured astrocytes, neurocan expression is increased several-fold compared with uninjured cortex (Table 2) .
Immunoblot detection of specific CS-PGs in the glial scar
Our in situ hybridization and RT-PCR data indicate that reactive astrocytes express neurocan and phosphacan mRNA, and immunohistochemical analysis indicates that these mRNAs are translated into protein. However, immunohistochemical detection of these and other extracellular matrix molecules can be difficult to interpret with certainty. To provide independent verification of specific CS-PG core protein expression in the in vivo glial scar, immunoblot analysis was performed with equal amounts of protein extracted from glial scar filters 14 d after implantation and from the cerebral cortex of uninjured age-matched control animals. Surprisingly, initial immunoblot analyses indicated that phosphacan protein levels were decreased in gliotic tissue. To verify this observation, we performed densitometric analysis of phosphacan protein levels, normalized to the level of the relatively invariant protein p42/44 MAPK. The amount of phosphacan protein in the glial scar was decreased to 67 Ϯ 5.48% of the level present in the uninjured age-matched control cortex (Fig. 6 A) .
Alternatively, there is a dramatic increase in the amount of neurocan protein in gliotic tissue at 14 d after injury, consistent with our mRNA analysis (Fig. 6 B) . In the uninjured age-matched cortex, the 130 kDa neurocan proteolytic fragment predominates, with very little of the 245 kDa developmentally regulated neonatal isoform apparent (Fig. 6 B, lane 1) , as reported previously (Meyer-Puttlitz et al., 1995) . Interestingly, the neonatal isoform is increased ϳ25-fold in the injured brain (Fig. 6 B, lane 2) compared with the normal cortex, whereas the amount of the 130 kDa neurocan proteolytic fragment was not apparently different in the gliotic tissue and in the uninjured brain. In protein isolated from adult skeletal muscle, neither phosphacan nor neurocan protein is detected, as expected for these C NS-specific proteoglycans (Fig.   6 A, B, lane 3) . Together with our immunocytochemical, in situ hybridization, and RT-PCR studies, these data confirm expression of phosphacan and neurocan in gliotic tissue and provide strong support for the hypothesis that these CS-PGs have a functional role in the astroglial response to adult brain injury.
DISCUSSION
The presence of a glial scar, formed in response to CNS injury, inhibits axonal regeneration (Davies et al., 1999) . However, the putative inhibitory components of the glial scar have not been thoroughly elucidated. Previous studies have demonstrated that Figure 3 . L ocalization of neurocan after filter implantation. A, B, A digoxigenin-labeled antisense riboprobe was used to localize neurocan mRNA within filters implanted in different animals. C, D, GFAP immunohistochemistry was performed on the same section as shown in A or B, respectively, to demonstrate coincidence of neurocan mRNA and GFAP expression, indicating that neurocan is expressed by reactive astrocytes. Neurocan protein is also detectable in the filter implant by immunohistochemistry using the 1F6 antibody ( E). Arrowheads in B and D indicate reactive astrocytic processes within the implant. Scale bars, 100 m.
CS-PGs are localized to the glial scar in vivo (McKeon et al., 1991; Bovolenta et al., 1997) , and numerous in vitro studies indicate that C S-PGs can inhibit neurite outgrowth (Snow et al., 1990b (Snow et al., , 1991 Oohira et al., 1991; Bovolenta et al., 1993; Guo et al., 1993; Zuo et al., 1998) . In vitro differential adhesion assays indicate that, rather than simple neurite outgrowth promotion or inhibition, CS-PGs may contribute to progressively less adhesive gradients for neurite outgrowth during development (Emerling and Lander, 1996) and, potentially, to an anti-adhesive barrier to axon regrowth after CNS injury.
CS-PGs are a heterogeneous group of molecules with distinct core proteins. CS-PGs expressed within the CNS include neurocan and brevican, members of a major CS-PG subfamily that also includes aggrecan and versican, prominent CS-PGs from chondrocytes and fibroblasts, respectively . Phosphacan is a distinct CNS CS-PG homologous to the extracellular domain of receptor-type protein tyrosine phosphatase-␤ (Maurel et al., 1994) .
Expression of CNS CS-PGs is generally highest during development and gradually decreases to basal adult levels during the first 2 postnatal weeks (Margolis and Margolis, 1993) . It was initially suggested that CS-PGs may serve as axon growthinhibitory molecules because they are expressed in areas that serve as barriers to growing axons during development (Snow et al., 1990a) . It has subsequently been demonstrated, however, that specific types of axons can grow through CS-PG-rich areas of the developing brain, indicating that these ECM molecules are more likely to modulate interactions between growing axons and the substrate, thereby helping segregate specific CNS pathways (Bicknese et al., 1994; Miller et al., 1995) .
In vitro, neurocan, phosphacan, NG2, and brevican can inhibit neurite outgrowth from different populations of neurons (Dou and Levine, 1994; Friedlander et al., 1994; Milev et al., 1994; Yamada et al., 1997; Garwood et al., 1999) , consistent with in vivo studies implicating CS-PGs during axonal regenerative failure (McKeon et al., 1995; Bovolenta et al., 1997) . Both NG2 and phosphacan mRNA increase after CNS injury, although the cell type responsible for the expression of these CS-PGs was not determined (Levine, 1994; Snyder et al., 1996) . A nestin-positive subset of reactive astrocytes express the mRNA encoding the secreted isoform of brevican after stab wound injury to the adult rat CNS, but this mRNA returns to baseline within 2 weeks after injury (Jaworski et al., 1999) . In the present study, we demonstrate that, at both the mRNA and protein levels, the putative axon growth-inhibitory CS-PGs neurocan and phosphacan are chronically expressed by reactive astrocytes after injury to the cerebral cortex. Alternatively, brevican and versican were not detected in the chronic cortical glial scar. Together, these data demonstrate that specific CS-PGs are produced by reactive astrocytes and support the hypothesis that certain CS-PGs may inhibit axonal regeneration after long-term CNS injury.
The underlying mechanisms whereby CS-PGs inhibit axonal regeneration are likely to be complex. For example, phosphacan is a secreted extracellular matrix molecule resulting from alternative splicing of the gene that also encodes RPTP-␤ and a truncated RPTP-␤ lacking an extracellular domain found in both full-length RPTP-␤ and in phosphacan (Fig. 1 A) . Phosphacan binds to N-CAM and Ng-CAM and can inhibit neurite outgrowth, potentially by interfering with the interactions between these adhesion molecules and growing neurites . The short membrane-bound form of RPTP-␤, however, interacts with Nr-CAM and contactin to promote neurite outgrowth (Sakurai et al., 1997) . The RPTP1 antibody used in our studies was raised against an extracellular domain that included the fibronectin repeat common to phosphacan, full-length RPTP-␤, and the truncated RPTP-␤ isoform (Shitara et al., 1994) . The second phosphacan antibody used for these studies, mAb 3F8, binds a region of the extracellular domain present only in full-length RP TP-␤ and phosphacan. With immunohistochemistry and immunoblot analysis, we have detected specific labeling with both of these antibodies in reactive astrocytes and gliotic tissue. The possibility that phosphacan is selectively expressed is supported by our RNA data because only the mRNA encoding phosphacan is detected with our probes and this message is expressed in areas of reactive gliosis. Consistent with this, the phosphacan transcript is expressed at higher levels than either RPTP-␤ transcript in adult brain (Sakurai et al., 1996) . Although phosphacan protein levels are decreased in areas of chronic reactive gliosis, the presence of this protein in glial scars 30 d after CNS injury may influence interactions between neurons and injury-induced adhesion molecules. One effect may block neuronal binding to ECM components that could promote neurite outgrowth (Sakurai et al., 1997) . Alternatively, phosphacan can promote neurite outgrowth from some types of neurons in vitro (Garwood et al., 1999) . Relatively low phosphacan mRNA and protein levels in gliotic tissue may consequently result in an environment deficient in axon growth-permissive molecules relative to growth inhibitory ones. Thus, a specific function for phosphacan after CNS injury remains to be elucidated.
Neurocan binds to specific cell adhesion molecules and inhibits their ability to promote neurite outgrowth . We now demonstrate that neurocan mRNA and protein are present and specifically increased in areas of reactive gliosis after chronic CNS injury. Although initially described as a neuronal proteoglycan (Engel et al., 1996; Meyer-Puttlitz et al., 1996) , recent studies have demonstrated that neurocan is synthesized by cultured astrocytes (Oohira et al., 1994; Ascher et al., 1998) . Our RT-PCR data demonstrating the absence of neuronal contamination in the glial scar tissue used in these studies, together with the colocalization of neurocan mRNA and GFAP, indicate that Figure 5 . RT-PCR analysis of gene expression in the glial scar. cDNA prepared from implanted nitrocellulose filters ( F), uninjured adult rat cortex ( C), and primary astrocyte cultures ( A) was subjected to PCR amplification with gene-specific oligonucleotide primer pairs (see Table 1 ). Similar cDNA amounts were used in this analysis as indicated by the approximately equal amount of GAPDH amplification. Phosphacan mRNA is expressed in the filter implant at levels comparable with uninjured cortex. Neurocan mRNA levels are substantially elevated in the filter implant. The absence of neurofilament amplification in the filter implant supports the contention that this tissue does not include neuronal elements. GA PDH, Glyceraldehyde phosphate dehydrogenase (25 PCR cycles); GFA P, glial fibrillary acidic protein (25 PCR cycles); NCA N, neurocan (27 PCR cycles); PCA N, phosphacan (27 PCR cycles); NF-M, medium neurofilament subunit (29 cycles). Figure 6 . Immunoblot analysis of C S-PG expression in the glial scar. A, Levels of phosphacan protein in extracts prepared from gliotic tissue retrieved from filter implants (lane 2) are decreased to ϳ67% of the levels in age-matched, uninjured cerebral cortex (lane 1), as detected with the 3F8 antibody. In this case, the phosphacan/MAPK values (in densitometric units) were 385,647/228,085 (ratio of 1.6881) and 228,141/202,899 (ratio of 1.1244) for uninjured cortex and filter implant, respectively. B, The 130 kDa proteolytic fragment of neurocan predominates in protein extracts from the cerebral cortex of uninjured age-matched control animals (lane 1), as detected using the 1F6 antibody to neurocan. Alternatively, in gliotic tissue retrieved from filter implants the f ull-length 245 kDa neonatal form of the neurocan protein is significantly upregulated (lane 2). In this case, the neurocan 245 kDa /neurocan 130 kDa values (see Materials and Methods) were 8454/378662 (ratio of 0.0223) and 284810/ 355734 (ratio of 0.8006) for uninjured cortex and filter implant, respectively. Neither phosphacan nor neurocan is detected in adult skeletal muscle (A and B, lane 3) . For A and B, 30 g of protein were loaded in each lane. RT-PCR amplification from cDNA pools normalized to equivalent levels of GAPDH expression. The cDNA amplified for GFAP was produced from the equivalent of 5 ng of total RNA. For phosphacan and neurocan, cDNA from the equivalent of 15 ng of total RNA was used in the PCR reaction.
neurocan expression is specifically localized to reactive astrocytes of the glial scar. Several developmentally regulated forms of neurocan have been reported. Using the 1F6 antibody, a 245 kDa core protein abundant in the neonatal brain and a 130 kDa proteolytic fragment that persists in the adult brain have been identified. Another neurocan antibody, 1D1, recognizes a 150 kDa core protein predominant in the adult brain (Margolis and Margolis, 1993) . Our immunoblot analysis with 1F6 demonstrates significant expression of the neonatal neurocan isoform in glial scars created in adult animals. Although the adult isoform has been detected in neonatal brain and we detect low levels of the neonatal isoform in uninjured adult brain, the re-expression of the neonatal neurocan isoform in injured adult brain has not been reported previously. Moreover, increased neurocan mRNA expression in the chronic glial scar revealed in our RT-PCR studies apparently results in a preferential increase in the neonatal form in this tissue because immunoblot analysis indicates that levels of the 130 kDa fragment are similar in normal and injured brain. The significance of re-expression of the neonatal neurocan isoform is not clear but is consistent with reports that reactive astrocytes express specific developmentally regulated molecules (C larke et al., 1994; Frisén et al., 1995) . Although the specific mechanism whereby CNS injury induces C S-PG expression remains unknown, our data provide support for the hypothesis that expression of specific CS-PGs after injury may contribute to axonal regenerative failure.
Proteoglycan binding to growth factors may also modulate axonal regeneration. Both neurocan and phosphacan specifically bind to the neurite outgrowth-promoting factors amphoterin and pleiotrophin (Li et al., 1990; Hori et al., 1995; Milev et al., 1998) . Interestingly, pleiotrophin expression is increased by reactive astrocytes after acute C NS injury (Yeh et al., 1998) . Neurocan or phosphacan secreted by reactive astrocytes may sequester these factors, thereby negating possible neurite growth-promoting effects.
In the present study, we show that neurocan and phosphacan are expressed in reactive astrocytes 30 d after a traumatic brain injury. The factor(s) regulating the expression of these individual CS-PGs is not known. The production of versican and aggrecan is elevated by transforming growth factor-␤ (TGF-␤) in fibroblasts and chondrocytes, respectively (Imai et al., 1994; Yaeger et al., 1997) . Similarly, DSD-1-PG, the mouse homolog of phosphacan (Garwood et al., 1999) , is expressed by immature glial cells in the developing C NS and is increased in vitro after exposure to TGF-␤ (Schnädelbach et al., 1998) . Recently, neurocan expression by cultured astrocytes has been reported to increase after exposure to TGF-␤ (Ascher et al., 1998) , consistent with our RT-PCR analysis of neurocan expression in vivo. Interestingly, temporal expression of C S-PGs in the developing C NS correlates with the expression of TGF-␤2 and -␤3, and these TGF-␤ isoforms have been suggested to play a role in regulating the deposition of EC M molecules (Krieglstein et al., 1995) . The expression of TGF-␤1 is limited in the developing brain but increases in areas of reactive gliosis associated with traumatic lesions, vascular infarcts, and senile plaques of Alzheimer's disease (L ogan et al., 1992; van der Wal et al., 1993; Knuckey et al., 1996) . The possibility that TGF-␤1 stimulates the expression of neurocan and phosphacan by reactive astrocytes after C NS injury is currently under investigation.
